Background The Institute of Medicine (IOM) recently revised gestational weight gain (GWG) guidelines, yet little is known about the association between extremes of GWG and child cognition.
Introduction
Insufficient or excessive weight gain in pregnancy can have negative consequences for fetuses and children. Insufficient gestational weight gain (GWG) has been associated with infant mortality, 1,2 low birthweight During Pregnancy: Reexamining the Guidelines', 'no published studies directly examine the link between GWG and cognitive development in infants and children'. 8 Based on available studies, the report noted, 'evidence suggests that biomarkers of short-term negative energy balance during pregnancy may be related to the child's intellectual development'. In fact, studies of ketonemic or ketonuric women and small-for-gestational age (SGA) infants have suggested that low GWG is harmful to neurodevelopment. [9] [10] [11] [12] [13] [14] Animal models have demonstrated that inadequate nutrition can cause neurologic changes, including alteration of hypothalamicpituitary-adrenal axis activity 15 and cognition and behaviour. 16 Whether excessive GWG or maternal obesity influence fetal brain development is also unclear. A recent study found no association between pre-pregnancy overweight and several childhood cognitive or behavioural measures 17 ; however, it did not examine excessive GWG. The Child Health and Development Studies found that children whose mothers gained 5-29 pounds had better cognitive ability at 5 years of age than children whose mothers gained less or more. 18 One challenge for studies examining GWG and child outcomes is separating the effect of GWG from confounders like genetics and behaviours passed from parent to child. Failure to control confounding may bias estimates, leading to the conclusion that GWG is more harmful than actuality. To address these gaps, we assessed the association between GWG and the cognitive performance of children at 4 and 7 years of age using prospective U.S. Collaborative Perinatal Project (CPP) data and a sibship design and fixed effects (FE) models to control for familial factors.
Materials and Methods

Study population
The CPP enrolled women at the first prenatal visit (12 sites; 1959-65) and followed the offspring to 8 years of age. The CPP has been described previously. 19 Data were restricted to term, non-diabetic pregnancies in which women had recorded height and self-reported pre-pregnancy weight and were weighed 43 weeks before delivery. Self-reported pre-pregnancy weight and the first measured pregnancy weight are highly correlated. 17 The singleton offspring must have been assessed at age 4 or 7 years. Women could enrol subsequent pregnancies. The Nationwide Children's Hospital Institutional Review Board and the Marquette University Office of Research Compliance ruled this study exempt from review.
Exposures and outcomes
Maternal pregnancy weight gain was the exposure of interest. Interviewers recorded a health history upon enrolment, including pre-pregnancy weight, and measured height in inches without shoes. At subsequent visits, staff weighed women in street clothes without shoes or coat. GWG was calculated as the last weight at 43 weeks before delivery minus pre-pregnancy weight. We classified women as to whether GWG was below, within or above the IOM-recommended range for pre-pregnancy body mass index (BMI). 8 The outcome measures were psychologistadministered assessments that measured general cognition and achievement: the Stanford-Binet Intelligence Scale and the Graham-Ernhart Block Sort Test (age 4 years) and the Wechsler Intelligence Scales for Children (WISC) and the Wide Range Achievement Test (WRAT) (age 7 years).
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Covariates We identified covariates a priori found in previous studies to be associated with both the exposure and neurodevelopment, including pre-pregnancy BMI [weight (kg) 7 height (m 2 ); continuous] (not including when categorical GWG was the exposure), maternal age (continuous), race (Black, White, other), parity (0, 1, 2þ), smoking (binary), socio-economic status (SES) index (continuous) and sex. Maternal age, race, parity and smoking were assessed at enrolment. 24 Child sex was from the delivery record.
Statistical analysis
We used bivariate analyses to examine the relationships between GWG or the outcomes and each covariate. We built three sets of multiple regression models, one of each type for each outcome. The first set ('siblings GEE model') used generalized estimating equations (GEEs) with exchangeable correlation structure to examine the association between GWG and cognition. This model considers each child individually but adjusts the standard errors for clustering from potentially multiple children per family. 25 Only children with one or more enrolled siblings were included. The second set of models ('siblings FE model'), also limited to siblings, examined the same associations using FE models. This model can reduce confounding by controlling for the unmeasured variables held in common within sibships, such as a proportion of genetic factors and parenting practices. It does this by comparing the outcome among siblings with varying exposure values, while matching on all factors, measured and unmeasured, they hold in common. 26 Models with a wide-ranging continuous exposure are particularly well-suited to the FE approach because the likelihood that siblings will have the same exposure value is generally low. Siblings who are identical for exposure and outcome values do not contribute to the estimation of effect. Since the FE model matches on shared confounders, results from the siblings FE model can be examined alongside the results from the siblings GEE model to gauge the contribution of familial confounding to the associations. Because associations might differ between children who had an enrolled sibling and children without siblings, we built a third set of models ('individuals GEE model') to examine the associations in the sample of all children. While not directly comparable with the sibling models because the samples differ, the individuals GEE model is representative of a conventional analytic approach that would be applied in most cohort studies lacking siblings.
For all models, we applied restricted cubic splines with three knots (at 10th, 50th and 90th percentiles per Harrell) to examine potential non-linearity. 27 When the b-coefficient for the spline term was not statistically significantly different from zero (a ¼ 0.05), indicating that a linear model is appropriate, we built multiple linear regression models.
Adjusted models included the previously mentioned confounders. Although race was invariant across pregnancies and so would not contribute to the FE results, we included it in all models for consistency. We explored pre-pregnancy BMI as a potential effect modifier using interaction terms and score tests but found no notable effect modification.
Finally, we studied the association between a categorical measure of GWG, below or above the IOM recommendations compared with GWG within the recommended range for BMI, and outcomes using sets of multiple linear regression models like those described above but with GWG as 'inadequate', 'adequate' (reference) and 'excessive'. We used PROC GLM (SAS 9.2), XTREG with FE or PA and ADJUSTRCSPLINE (STATA 12) (SAS Institute, Cary, NC, USA; Stata Corporation, College Station, TX, USA 28 ).
Results
The sample of eligible children was formed as in Figure 1 . For the siblings FE models, 3997 sibling groups of 8704 individuals were eligible; all 31 968 children were eligible for the individuals GEE model. Some children were missing covariate data or did not participate in a test and so are not included in a model ( Table 1 ). The GWG distribution was fairly symmetric but peaked. Mean GWG was 10.1 kg [standard deviation (SD) ¼ 4.9] with 28% within the IOM-recommended range for BMI and 58% below it (although 36% of those were within 2 kg of the lower bound). Information about the reliability and validity of the outcome measures and their correlations is in Supplementary Data (Supplementary Table 5 , available as Supplementary Data at IJE online). The sample of siblings was comparable with the sample of individuals in demographics, GWG and cognitive outcomes, with the largest difference being in race (Table 1 ). Lower BMI, younger age and lower parity were associated with higher GWG (Table 2) .
Results from the siblings GEE model reflected non-linear associations for all outcomes except Block Sort ( Figure 2 , Table 3 ). The shape of the association was similar for all, an inverted U with the peak at $9 kg and a steeper slope for GWG values above the peak than below it. However, reduced precision at the tails of the distribution introduced uncertainty about the exact slope there. The GEE approach adjusted the standard errors to account for clustering. The adjusted siblings GEE model included important confounders, but cannot account for the possibility of other shared and unmeasured familial confounding factors.
The results from the siblings FE model do account for these factors, and the shape of these associations is much flatter (Figure 3) . Loss of precision is inherent to the use of FE models, and this is reflected in the wider bands at the tails of the GWG distribution. None of the spline terms was statistically significantly different from zero [see b, confidence interval (CIs) reported with spline graphs] so results from linear models are reported in Table 3 . Many linear models results were null, but GWG was positively associated with WRAT Spelling (b ¼ 0.15, 95% CI: 0.01, 0.29) and Arithmetic (b ¼ 0.15, 95% CI: 0.02, 0.28) ( Table 3) .
As an example of what the results would be from a cohort without a sibship design, we report results from the individuals GEE model in Supplementary Data (Supplementary Figure 4 , available as Supplementary Data at IJE online). All associations were non-linear with an inverted-U shape similar to the siblings GEE models but reflecting greater precision because of the larger sample. In models where GWG adequacy was the exposure, effect estimates were close to the null (Table 4) . Based on the siblings GEE model, GWG above the recommended range was associated with slightly poorer performance on the Stanford-Binet at 4 years of age (b ¼ À1.34, 95% CI: À2.44, À0.24) and GWG below the recommended range was associated with better scores on the WISC (b ¼ 0.71, 95% CI: 0.10, 1.32) and WRAT reading (b ¼ 0.84, 95% CI: 0.15, 1.54) at 7 years of age. However, after controlling for familial factors these associations were null, but high GWG compared with GWG within the recommended range was associated with slightly higher WRAT Spelling scores (b ¼ 1.41, 95% CI: 0.13, 2.70). By comparison, results from the individuals GEE model suggested that GWG above vs within the recommended range was associated with slight reductions in all cognitive scores except Block Sort when confounders shared within sibships are not controlled for (Supplementary Table 6 , available as Supplementary Data at IJE online Table 6 ).
Discussion
We employed two statistical approaches to examine the association between GWG and cognitive development. One approach adjusted the standard errors for the clustering of children in sibships (siblings GEE model), whereas the other used an FE approach to control for all potentially confounding factors that are shared among siblings, even those which are unmeasured or unknown (siblings FE model). The results from the siblings GEE models were similar to those from a third model set where we applied GEE to a larger sample of all individual children. GWG displayed an inverted U-shaped association with the outcomes-as GWG approached $9 kg, cognitive scores increased; 49 kg, scores decreased. The conclusion to be drawn from the GEE models is that GWG slightly below the IOM recommendation for normal weight women is optimal for child development, and low or high GWG is detrimental. 8 However, the results from the siblings FE model present a different conclusion, offering little support for GWG influencing cognitive development after controlling for familial factors, with the possible exception of high GWG and WRAT Spelling and Arithmetic, which were positively associated. The differences between the GEE and FE results are most contrasting for high GWG, with the GEE models suggesting that high GWG is associated with lower outcome scores and the FE models indicating no association or a positive association at high GWG. Since the FE approach should produce less biased estimates than GEE in this study, one must give more weight to the FE results and conclude that any observed detrimental influence of extremes of GWG on cognition can be explained by familial factors rather than GWG itself.
Most GEE models suggested a non-linear relationship between the exposure and outcomes, whereas FE models suggest linear relationships. Two possible explanations include the reduced power of the FE models and the potential for the familial confounders to be acting in a non-linear way in the GEE models.
The revised IOM recommendations for GWG were largely based on outcomes like caesarean delivery, postpartum weight retention and childhood obesity. Optimizing neurodevelopment was not a major factor in the recommendations because of a lack of research in this area. This is the first study to directly examine the association between GWG and childhood cognitive development using these methods. A number of previous studies have indirectly examined this association by following SGA children or those from diabetic pregnancies, [9] [10] [11] [12] [13] [14] [29] [30] [31] and most found a small decrease in cognitive ability, especially among preterm children. Naeye and Chez studied weight loss in CPP pregnancies and psychomotor development and observed no association. 32 These studies have largely focused on the consequences of negative energy balance during pregnancy (undernutrition), not on an in utero environment of energy excess (overnutrition). Tavris and Read 18 examined GWG and child scores on the Raven Coloured Progressive Matrices and found that low and high GWG were associated with poorer performance, but they did not use a sibship approach. Models adjusted for pre-pregnancy BMI, maternal age, race, parity, smoking, SES index, child sex. Beta coefficients reflect the change in the number of points scored on a given assessment corresponding to a 1-kg increase in GWG. A major challenge to GWG studies focusing on pediatric outcomes is accounting for the role of confounders that influence the postnatal environment and could account for an observed association between GWG and the outcome. Confounders such as maternal intelligence, whether the family environment promotes cognitive development, family diet and exercise and some genetic factors can influence neurodevelopment postnatally and also GWG. In studies concerned with an in utero exposure and a postnatal outcome significantly influenced by postnatal environment, a sibship approach can provide some clarification about the roles of the exposure vs environment. By using FE, we were able to account for these influences; thus, a strength of our approach is the potential for reduced bias in our estimates. This does not eliminate the possibility of residual confounding from factors siblings do not share, however.
Loss of precision is one drawback. Restricting the sample to siblings and using FE models reduced statistical power, although we still detected small differences. At the extremes of GWG, the precise slope was unclear. However, our aim was to reduce bias, not to maximize precision. Another limitation is that the individuals GEE model is not directly comparable with the sibling-based models because of the differences in which children are included in each. Nevertheless, we felt it was important to present the individuals GEE model as an example of the type of analysis that might be carried out using cohorts without siblings. We restricted our analysis to term children out of concern that extremes in GWG could reflect gestational age estimation errors. Consequently, these results do not apply to preterm children. Also, while the CPP was carried out in the 1960s when most clinicians advised GWG restriction and maternal obesity was less common, we have no evidence to suggest the biology underlying any relationship between GWG and the outcomes would have changed.
By using statistical techniques that leverage the large number of siblings in the CPP, we compared results from models that inherently control for potentially important unmeasured confounding factors common within siblings with results from models that cannot control for such factors. We conclude that observed associations between high or low GWG and decrements in cognitive development largely can be accounted for by factors shared within sibships rather than attributed to GWG. To further clarify these associations, similar analyses should be carried out within modern cohorts.
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